Species with vastly differing biological complexity have comparable numbers of protein-coding genes. In contrast, transcriptome profiling studies have revealed that the complexity of AS parallels both organ and species complexity 1,2 . More than 95% of human multiexon genes are subject to AS events affecting exonic sequence 3, 4 , and more than twothirds produce transcripts containing one or more retained introns 5 . Moreover, tens of thousands of AS events are differentially regulated among cell and tissue types or conditions [6] [7] [8] [9] . Regulated AS events typically are the most highly conserved and enriched for frame preservation, thus suggesting that they often have important biological functions 7,9 . Moreover, large programs of co-regulated AS events are significantly enriched in genes that operate in specific biological processes and pathways, and, in many cases, alternative exons in these networks have been shown to contribute to critical biological functions 2, 7, [10] [11] [12] [13] . Despite these observations, the extent to which AS events detected at the transcriptomic level are translated and functional as protein products is not known 10, [14] [15] [16] . A major challenge in addressing this question is that current mass spectrometry (MS) data sets do not afford sufficient coverage and sensitivity to comprehensively detect peptides corresponding to splice-variant sequences 17 and are especially limited in terms of detection of cell-and tissue-specific splice variants 14 . However, recent studies have attempted direct comparisons of AS events detected at the level of RNA and MS data and have led to the surprising proposal that very small numbers of splice variants are translated 14, 18 .
Species with vastly differing biological complexity have comparable numbers of protein-coding genes. In contrast, transcriptome profiling studies have revealed that the complexity of AS parallels both organ and species complexity 1, 2 . More than 95% of human multiexon genes are subject to AS events affecting exonic sequence 3, 4 , and more than twothirds produce transcripts containing one or more retained introns 5 . Moreover, tens of thousands of AS events are differentially regulated among cell and tissue types or conditions [6] [7] [8] [9] . Regulated AS events typically are the most highly conserved and enriched for frame preservation, thus suggesting that they often have important biological functions 7, 9 . Moreover, large programs of co-regulated AS events are significantly enriched in genes that operate in specific biological processes and pathways, and, in many cases, alternative exons in these networks have been shown to contribute to critical biological functions 2, 7, [10] [11] [12] [13] .
Despite these observations, the extent to which AS events detected at the transcriptomic level are translated and functional as protein products is not known 10, [14] [15] [16] . A major challenge in addressing this question is that current mass spectrometry (MS) data sets do not afford sufficient coverage and sensitivity to comprehensively detect peptides corresponding to splice-variant sequences 17 and are especially limited in terms of detection of cell-and tissue-specific splice variants 14 . However, recent studies have attempted direct comparisons of AS events detected at the level of RNA and MS data and have led to the surprising proposal that very small numbers of splice variants are translated 14, 18 .
Ribosome profiling is a sensitive method for the detection of translated RNAs. Moreover, extensive analyses have shown that, in general, the degree of engagement of an mRNA by the ribosome correlates well with its level of translation [19] [20] [21] . Accordingly, we used ribosome profiling data to assess the extent to which AS events detected in RNA-seq data are engaged by the ribosome and thus are likely to be translated. We further used these data to identify genes whose translational output is regulated by AS in a cell-cycle-dependent manner.
RESULTS

Detection of ribosome-engaged alternative-splicing events
To investigate the extent to which alternatively spliced sequences are engaged by ribosomes and potentially translated, we developed an analysis pipeline enabling the examination of matched RNA-seq and ribosome profiling data sets across several cell types, conditions and species (Online Methods). Initially, we compared the frequency of cassetteexon AS by using RNA-seq and ribosome profiling data generated from the same samples of synchronized human cells 22 . We estimated the percentage of transcripts with an exon spliced in (percentage spliced in (PSI)) for all exons for which there was sufficient read coverage to derive an estimate. Importantly, the ribosome profiling data sets used in our analysis were of high sequence coverage (>130 million reads; Supplementary Table 1) with minimal ribosomal-RNA contamination. As such, we were able to reliably quantify AS events over a wide range of transcript abundance. In the comparisons described below, we calculated cassette-exon AS frequency by comparing the frequency of exonskipping events per detected exon at different levels of read coverage, as determined by the number of reads mapping to exon-exon junctions.
Notably, for transcripts expressed at medium-to-high levels, the frequency of cassette-exon AS detected in the ribosome profiling data was comparable to that detected in the corresponding RNA-seq data sets, after normalization on the basis of the detection of proximal constitutive exon-exon-junction sequences (Fig. 1a) . We obtained similar results when comparing matched RNA-seq and ribosome profiling data from other human cell lines (HEK293 and BJ cells) and from mouse stem cells ( Supplementary Fig. 1 and Supplementary Table 1) . These results reveal that the absolute frequencies of exon skipping in transcripts engaged by the ribosome and in whole-cell RNA-seq data are comparable over a broad range of transcript levels.
In contrast, at relatively low transcript levels, we detected a decreased frequency of exon skipping in ribosome-engaged transcripts A N A LY S I S compared with transcripts detected in RNA-seq data. To investigate whether this observation was related to low levels of mRNA expression rather than being a consequence of decreased detection sensitivity, we compared the relative ratios of constitutive versus alternative exons detected in transcripts expressed at different levels. In agreement with the results in Figure 1a , at low levels of abundance, there was a significantly decreased proportion of alternative versus constitutive exons detected in ribosome-engaged transcripts compared with transcripts detected in RNA-seq data (P < 9.10 × 10 −5 , Wilcoxon rank-sum test), whereas for genes expressed at higher levels, the relative proportions of alternative versus constitutive exons were not significantly different between these data sets (Fig. 1b) . To verify these findings, we subsampled ribosome-protected reads from highly expressed, high-readcoverage transcripts to assess the recall precision of cassette alternative exons when the read coverage from subsampling was comparable to that for low abundance transcripts (Online Methods). Although subsampling of progressively smaller numbers of reads resulted in a small (10-20%) decrease in the detection of alternative events, this decrease was significantly less than that observed when we compared the ratios of junction sequences among transcripts with low or medium-to-high abundance (Supplementary Fig. 2d ; P < 8.20 × 10 −8 , chi-square test). These results thus confirm that alternative exons are significantly underrepresented in low-abundance transcripts.
We next assessed the proportions of total distinct cassette AS events detected in RNA-seq data, and overlapping coding sequences (CDS), that are engaged by ribosomes at different levels of transcript abundance (Fig. 1c) . To control for technical differences between the RNA-seq and ribosome profiling data, we restricted these Fraction of alternative cassette events per detected exon A N A LY S I S comparisons to regions of transcripts in which at least both constitutive exons flanking an AS event detected in the RNA-seq data were also confidently detected as being engaged by the ribosome. In agreement with the results described above, for transcripts with medium-to-high abundance, we observed that approximately 75-85% of cassette AS events detected in the RNA-seq data were also engaged by ribosomes, whereas a significantly smaller proportion of the events were engaged by ribosomes at lower levels of mRNA expression ( Fig. 1c and Supplementary Fig. 2 ; P < 1.94 × 10 −6 , Fisher's exact test). These results suggest that for transcripts of medium-to-high abundance, the majority of cassette AS events overlapping CDS are translated. We next investigated differences in the sequence properties of exonskipping events detected in ribosome-engaged transcripts versus transcripts detected in the RNA-seq data. Importantly, as expected, there was a significant enrichment in cassette exons predicted to contribute to open reading frames in ribosome-engaged versus RNA-seq transcripts ( Fig. 1d ; P < 2.28 × 10 −22 , Fisher's exact test; Online Methods) and a corresponding decrease in the inclusion of cassette exons predicted to disrupt open reading frames ( Fig. 1e ; P < 3.17 × 10 −18 , Fisher's exact test; Online Methods). This trend was consistent with a significant enrichment in frame-preserving events in transcripts with medium-to-high abundance in the RNA-seq data (Supplementary Fig. 2 ; P < 2.72 × 10 −5 , Fisher's exact test).
Intron-retention events affect ribosome occupancy
We next compared the frequency of detection of intron retention (IR) events in the RNA-seq and ribosome profiling data. We measured IR as the percentage of total transcripts from a gene with intron retention (PIR). Previous studies have shown that the majority of IR events lead to nuclear retention or, if the retained intron transcripts are exported, to cytoplasmic nonsense-mediated decay (NMD) 5, 13, 23 . However, a smaller fraction of IR events are frame preserving and may be translated 5, 24 . In agreement with these findings, a comparison of ribosomal profiling and RNA-seq data from whole cells revealed that, overall, there is a significant decrease in the frequency of detected IR events engaged by the ribosome ( Fig. 2a ; P < 5.69 × 10 −5 ; Wilcoxon rank-sum test). Surprisingly, however, there was also a comparable frequency of IR events detected in the ribosome profiling and cytosolic RNA-seq data (Fig. 2a) , thus suggesting that transcripts containing IR events that are exported to the cytoplasm are often engaged by the ribosome. Given these findings, we investigated the fraction of total IR events detected in the RNA-seq data that are also ribosome engaged, by using a similar approach to that in Figure 1c for cassette exons (Online Methods). In agreement with the results in Figure 2a and our previous observations 5 , there was a significantly higher fraction of IR events in transcripts with relatively low mRNA expression ( Fig. 2b ; P < 7.88 × 10 −7 , Fisher's exact test). However, we also observed an increase in ribosome-engaged IR events associated with relatively highly expressed transcripts ( Fig. 2b and Supplementary Fig. 3 ; P < 1.91 × 10 −3 , Fisher's exact test). In agreement with this observation, IR events engaged by the ribosome were significantly enriched in 5′ untranslated regions (UTRs) (Fig. 2c and Supplementary Fig. 3 ; P < 0.015, Fisher's exact test), and a significant fraction of these sequences included predicted upstream open reading frames (uORFs), as compared with total IR events detected in RNA-seq (Supplementary Fig. 3 ; P < 3.58 × 10 −5 , Fisher's exact test). Moreover, also in agreement with the ribosome engagement of these retained intron sequences, these events are significantly enriched in cytoplasmic versus nuclear RNA fractions ( Fig. 2d ; P < 2.0 × 10 −3 , Fisher's exact test). Further supporting these observations, the 5′-UTR ribosome-engaged IR events were markedly shorter than the average length of retained introns (i.e., 289 nt versus 1,583 nt; P < 5.96 × 10 −16 , Wilcoxon rank-sum test). In fact, their length was similar to the mean length of exons (Fig.  2e) . In line with this observation, cross-species sequence comparisons revealed that many of these IR events appeared to have evolved through intronization (Fig. 2f) , the evolutionary process by which introns arise from within ancestral exons 25 .
Alternative splicing controls ribosome occupancy during the cell cycle Genes producing ribosome-engaged transcripts containing 5′-UTR IR events are significantly associated with essential functions, including many housekeeping roles 26, 27 (Fig. 3a) . Among the functional categories associated with this set of genes were cell-cycle control, translation and DNA repair ( Fig. 3b; examples in Fig. 3c) . Given the association with cell-cycle control, we next investigated whether IR, cassette, and alternative 5′ and 3′ AS events might potentially modulate the degree to which transcripts are ribosome engaged in a cell-cycle-dependent manner. To this end, we asked whether genes with cell-cycle-stage-dependent periodic regulation of AS were significantly more often differentially engaged by ribosomes, as compared with genes that did not contain periodically regulated AS events (Supplementary Fig. 4 ; Online Methods).
Notably, transcripts with all types of periodically regulated AS events had a degree of ribosome engagement among cell-cycle stages that was significantly higher than expected (relative to total transcript abundance), as compared with transcripts lacking these events ( Fig. 4a ; P < 1.04 × 10 −15 , Wilcoxon rank-sum test). Analysis of quantitative MS data 28 from individual stages of the cell cycle confirmed that there was a significantly higher degree of detected changes in the relative abundance of peptides corresponding to transcripts containing periodic AS events versus transcripts lacking these events ( Fig. 4b ; P < 1.49 × 10 −4 , Wilcoxon rank-sum test). Moreover, we observed a significantly higher degree of differential ribosome engagement of individual transcripts with cell-cycle-periodic AS events, as compared with A N A LY S I S transcripts containing cell-type-specific AS events ( Fig. 4c ; P < 6.49 × 10 −3 , Wilcoxon rank-sum test), or transcripts that are differentially regulated at the transcriptional level during the cell cycle ( Fig. 4c ; P < 0.02, Wilcoxon rank-sum test). Collectively, these results suggest that periodically regulated AS events are likely to significantly affect the translation of a specific subset of transcripts during the cell cycle.
To investigate possible mechanisms and functions associated with cell-cycle-specific AS-dependent modulation of ribosome engagement, we asked whether there might be specific positional or structural features that preferentially overlap cell-cycle-regulated AS events versus cell-type-specific events (Supplementary Table 1) . When comparing these ribosome profiling data sets, we found that cell-cycle-regulated AS events were significantly more often located within 5′ UTRs and/or overlapping the translational start site (Supplementary Fig. 4 ; P < 1.80 × 10 −4 , Fisher's exact test), results in agreement with those in Figure 3 . These events were also predicted to significantly more often affect putative uORFs (Supplementary Fig. 4 ; P < 4.31 × 10 −4 , Fisher's exact test). Moreover, transcripts whose 5′ UTRs contained terminal oligopyrimidine tract (TOP) motifs, which previously have been shown to influence translational efficiency during G 2 -M phase 29, 30 , were significantly enriched in ribosome-engaged, periodically regulated AS events, including those that overlap uORFs (Supplementary Fig. 4 ; P < 3.80 × 10 −3 , Fisher's exact test). Furthermore, there was also a higher degree of differential secondary structure overlapping cell-cycle-dependent AS events versus cell-type-specific AS events ( Fig. 4d ; P < 7.24 × 10 −7 compared with cell-type-specific AS events, Wilcoxon rank-sum test). Collectively, these findings suggest that an important role for AS is the regulation of cell-cycle genes by altering transcript sequence and structural features that in turn control translation initiation 31, 32 .
Finally, genes producing transcripts containing periodic AS events that increase ribosome engagement encode numerous important cell-cycle regulators, including multiple components of the anaphasepromoting complex (Fig. 4e and Supplementary Fig. 4 ). An example is cell-division-cycle protein 20 (CDC20), an anaphase-promotingcomplex protein that functions as a key cell-cycle checkpoint-control factor during mitosis 33 . A 5′-UTR IR event in CDC20 peaks during the M-G 1 phase, simultaneously with increased ribosomal loading of CDC20 transcripts. Another example is Aurora kinase A (AURKA), a key cell-cycle regulator ( Supplementary Fig. 4 ) that contains a periodically regulated 5′-UTR cassette-exon event, whose inclusion similarly peaks during M phase. Together, these data provide evidence for an extensive role of periodic AS in the translational control of important cell-cycle regulators.
DISCUSSION
The results of this study support the conclusion that a major fraction of cassette-exon AS events in transcripts with medium-to-high Supplementary Fig. 4) . Each node represents a GO category, and overlapping gene-set clusters are linked together by edges and organized into clouds of similar function. Box plots are as described in Figure 1 . A N A LY S I S abundance are engaged by ribosomes and therefore are likely to be translated. In contrast, there is a significantly decreased frequency of ribosome engagement of cassette AS events in low-abundance transcripts. We provide evidence that this decreased frequency of ribosome engagement is not likely to be a consequence of limited detection sensitivity of splice junctions in low-abundance transcripts but instead appears to result from these transcripts being more often subject to IR events that prevent or decrease ribosome engagement 5 . This observation is consistent with recent results demonstrating that IR events are detected more frequently in low-abundance transcripts 5 and that a substantial fraction of these events result in nuclear retention 11, 34 . However, it is possible that other forms of inefficient or incomplete RNA processing may also limit ribosome engagement in low-abundance transcripts. The conclusions of our study contrast sharply with those of several recent reports comparing AS events detected in cDNA databases, RNA-seq and MS data 14, 18 . In these studies, very small numbers of peptides were detected that map uniquely to splice-variant sequences represented in transcript sequencing data, thus leading the authors to propose that only a minor fraction of splice variants are translated. However, shotgun MS datasets, such as those used in these studies, lack sufficient coverage and sensitivity to detect the majority of expressed AS events. Moreover, because of the sparseness of highconfidence spectral calls across independent MS datasets, detection of only a very minor number of cell-and tissue-specific splice isoforms was possible 14, 35 , yet such AS events represent up to one-third of total cassette exons detected in transcript sequencing data and typically are the most highly enriched for conservation and frame-preservation potential 9 . The results of our study are, however, in agreement with recent findings indicating that large numbers of splice-variant transcripts detected in RNA-seq data associate with polysomes. For example, tens of thousands of splice-variant transcripts have been detected in polysome fractions by using subcellular fractionation and highthroughput RNA sequencing (Frac-seq) and transcript isoforms in polysomes sequencing (TrIP-seq) methods, respectively 30, 31 . However, these studies did not assess the proportion of AS events detected in RNA-seq data that were also detected in polysome fractions, nor did they determine which AS events were directly bound by ribosomes.
In the present study, we also detected a class of AS events overlapping 5′-UTR sequences that correlated with significant changes in ribosome occupancy. These observations extend previous reports of AS events that modulate translation output [36] [37] [38] [39] and are further consistent with the aforementioned polysome analyses in which specific 5′-UTR sequences have been found to correlate with differential polysome association and to alter translation output over a 100-fold range in reporter assays 30, 31 . Thus, although some studies have supported an overall concordance between mRNA abundance and protein abundance 40 , specific features of transcripts, including the 5′-UTR intron-retention events defined in the present study, can substantially affect this relationship. We further show that AS-dependent regulation of ribosome engagement occurs frequently during the cell cycle and is likely to contribute to cell-cycle progression by controlling the timing of the translation of key cell-cycle regulators, such as CDC20 and AURKA. Future studies will undoubtedly uncover additional programs of AS and associated mechanisms that function in the control of translation.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
ONLINE METHODS
Sequence alignments and normalization. Before alignment, linker and poly(A) sequences were removed from the 3′ ends of reads. Reads were first aligned with Bowtie 49 to human or mouse rRNA sequences, and matches were discarded (−v 3). All remaining reads were aligned to the human (hg19) genome or mouse (mm9) genome with an adapted version of VAST-TOOLS, allowing only unique reads and no more than two mismatches. Ribosomal profiling densities and mRNA expression levels were calculated as described in ref. 50 . Briefly, an initial correction was performed for each position in each transcript with 50-bp windows (or 30-nt windows for ribosomal profiling data), which were mapped back against the entire transcriptome with Bowtie with the same parameters. If this sequence did not map to a unique position, it was discarded and discounted from the transcript effective length (length minus 50 or 30). The 'effective length' was then used to divide the raw read counts per million mapped reads for each gene to obtain corrected RPKM values (cRPKM) 50 . As well as a gene-level cRPKM value for expression, a transcript-based expression analysis with Kallisto 51 (https:// pachterlab.github.io/kallisto/) was used. For constructing indices, the fragment length was adjusted for ribosome profiling data and Ensembl 42 (Hg19) indices produced. All transcripts with a median of under 5 transcripts per million (TPM) across samples were not included in the analysis. To ensure that gene-expression values could be compared across samples, a between-sample normalization (BSN) approach was used with the DESeq normalization algorithm with the medianof-ratios method.
Detection of alternative splicing. To comprehensively detect and quantify all types of AS events involving alternative exons (AltEx), alternative 5′-and 3′-splice-site selection (Alt5/Alt3) and IR for use in ribosome profiling analysis, we adapted the VAST-TOOLS multimodule analysis pipeline (described in detail in refs. 5,7). Briefly, reads were initially mapped to genome assemblies in Bowtie, with −m 1 −c 2 parameters, and reads that mapped to the genome were discarded for AS quantifications. Unique EEJ libraries were generated to derive measurements of exon-inclusion levels on the basis of the PSI metric. We used all hypothetically possible EEJ combinations from annotated and de novo splice sites, including cassette, mutually exclusive and microexon events 5, 7 . In addition, a percentage splice-site usage (PSU)-based metric was used to detect and quantify tandem splice-site acceptor or donor sites (Alt3 and Alt5, alternative 3′-and 5′-end events). An IR analysis pipeline was used to detect and quantify IR as PIR. This pipeline used a comprehensive set of reference sequences comprising for each IR event: two exon-intron junctions (EIJs), intron midpoint sequences and EEJs formed by intron removal 31 . Each IR event required multiple reads mapping to both the EIJ and the intron midpoint sequence, as described previously 31 . For all modules and AS types, quantifications were performed on the basis of read counts corrected for the number of mappable positions in each EEJ or EIJ, with the formula: Frequency analysis. For initial analysis of AS frequency, only cassette events supported by multiple reads at each EEJ and a PSI value between 10 and 90 were considered. Only genes with at least one AS event were evaluated. To calculate normalized read depths for the comparison between RNA-seq and ribosomal profiling, all reads (corrected for mappability) that uniquely mapped to exon-exon junctions (EEJs) were considered. This read count was then divided by the sum of the exons from respective transcripts. The fraction of alternatively spliced exons per known exon was then calculated. A similar approach was performed for IR, in which events were considered only when there were multiple reads supporting each exon-intron junction as well as multiple internal intron reads. Only genes with at least one IR event were evaluated. In contrast to cassette events, all IR events with PIR values above 10 were considered. The constitutive versus alternative analysis used the same analysis pipeline but included genes only when at least 3 (constitutive or alternative) exons were confidently detected. The same criteria for both cassette events and intron-retention events were used, and a constitutive exon was defined as having a consistent PSI value above 95. Additional analysis (Supplementary Fig. 2d ) subsampled mapped reads from transcripts from highly expressed genes (>100 cRPKM) at intervals of 10%, with the same criteria for alternative and constitutive definitions, as described above.
Ribosomal-engagement calculation. Ribosomal engagement was defined as the log 2 ratio between the corrected ribosomal-fraction densities and the corrected mRNA expression levels. To decrease the likelihood of low-expression transcripts or genes spuriously creating large fold changes, only genes with a read count of at least 50 in both the RNA-seq and ribosomal profiling data sets were included, as recommended in ref. 52 . To compare global levels of translational efficiency, a cumulative frequency distribution was used, and nonparametric tests were used to compare distributions of efficiency. The initial analysis (Fig. 4a) was performed with VAST-TOOLS, and additional transcript-level expression comparisons were performed with Kallisto 51 (Fig. 4c) . Genes affected by intron-retention events were removed to control for the potential influence of NMD, but results from the analysis did not change (data not shown).
Identification of regulatory data sets. The tissue-specific data were extracted for each cell type on the basis of criteria from our previous transcriptomics analysis 7 and were included only if events were also identified as being alternative in ribosomal profiling data within the same cell type. For periodic AS data, differential splicing analysis among cell-cycle stages was followed by Fourier transform analysis 53 to identify repeating periodic changes in the cell cycle for particular events over two cycles of the cell cycle. Transcriptionally regulated genes were download from Cyclebase 54 . Protein annotations were parsed from UniProt annotations.
Annotated TOP-repeat motifs were extracted from a previous study 53 , and uORFs were mapped with the Global Translation Initiation sequencing (GTI-seq) method 55 . The occurrences of TOP motifs in the 5′ UTRs of genes containing periodic-and cell-type-differential AS were compared.
Transcript features. For the identification of translation start sites, only canonical AUG sites were considered on the basis of read buildup after subtraction of background, as described in ref. 56 . Positions of exons within transcripts (such as CDS or UTRs) were mapped with Ensembl GTF files of protein-coding genes with an occurrence within a CDS region ceding to the occurrence of an exon within a UTR region. An event within the CDS was predicted to create a functional protein if the exon was divisible by 3 and did not introduce an in-frame stop codon, or if it partially overlapped the body the 5′ UTR. Potentially disrupting exons are events that introduce a frameshift (and therefore NMD) after exclusion or inclusion only. ORF-preserving events were therefore events that showed changes in PSI between the RNA-seq and ribosome profiling data sets, and promoted the stable (non-frame-shifted) transcript in the ribosome profiling data, whereas ORF-disrupting events showed changes in PSI between the RNAseq and ribosome profiling data sets, and promoted the frame-shifting variant in ribosome profiling data. Annotated ATG sites were from Ensembl v71 (ref. 42) . For IR analysis, 5′-UTR IR events were compared with all IR events, which comprised human IR events assembled with diverse cell and tissue poly(A) + RNA-seq data in ref. 5 . Differences in RNA secondary structure were determined with the in vivo data from ref. 46 , and events were included only if both the alternatively spliced exon and at least the first adjacent constitutive exon were mapped with secondary-structure features from ref. 46 . The protein-abundance-difference values were normalized to account for changes in mRNA expression by dividing the label-free quantification (LFQ) intensity produced by label-free MS by the fragments per kilobase of transcript per million (FPKM) values identified for mRNA expression in the same samples. The change was then calculated among cell-cycle stages (G 1 , S or G 2 ). Data were extracted from ref. 28 . Intronization information was extracted from ref. 5 .
Statistics. The Wilcoxon rank-sum test was used for comparing distributions, and Fisher's exact test was used for comparing enrichments. All statistical tests were two sided. Errors bars show s.e.m., and a Poisson distribution of counts was assumed. Functional analysis was performed with GProfiler with an FDR multiple testing correction, a background of expressed genes and only genes sets with a maximum number of 1,000 included. Enrichment Map 47 was used to create functional networks in Cytoscape.
Code availability. Software for analysis of RNA-seq data is available at Github (https://github.com/vastgroup/). All other scripts were written in Python and are available upon request from R.J.W. Analyses were performed in the R statistical package.
Data availability. Previously published data sets reanalyzed here are listed with accession numbers in Supplementary Table 1. Source Data for Figs. 1-4 are available with the paper online. Other data supporting the findings of this study are available from the corresponding authors upon request.
